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Abstract

The Catalan seismic crisis of the years 1427 and 1428 is one of the most destructive
seismic episodes that happened in the northeastern Iberian Peninsula in historical times.
The main earthquakes of this crisis occurred on March 19" 1427 in the zone around
Amer (Igmsos=VIII), May 15™ 1427 in the vicinity of Olot (Igms.os=VIII) and on February
2" 1428 in the area close to Camprodon (Igms.9s=IX). There is much evidence that the
Amer fault produced the first two events of this crisis, but is still uncertain which fault
generated the earthquake on February 2" 1428. Using newly available macroseismic
data, the earthquake area sources of the three main earthquakes of the crisis have been
obtained and they corroborate that the Amer fault may be the origin of the first two

events. However, the area source corresponding to the last earthquake of the crisis cannot
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be associated to a single fault and indicates three possible candidates: the Vallfogona and
Ribes-Camprodon thrusts and the Amer normal fault. Modeling of the Coulomb failure
stress transfer has been performed to help determine the best candidate responsible for the
February event. The results of the modeling points to: a) a triggering relationship between
the three main events of the crisis and b) the Amer fault, or a similar extensional fault
nd

close and parallel to it, as the most probable origin of the earthquake on February 2

1428.

Key-words: Catalan seismic crisis; historical earthquakes; seismogenic faults; earthquake

triggering; Coulomb failure stress transfer.

1- Introduction

To establish the faults that have produced big and potentially destructive earthquakes
during the Quaternary and to predict where and, approximately, when the next one might
occur are the main objectives of seismotectonic and active tectonic studies. One of the
basic ways to localize active faults is to study large historical earthquakes reported on
seismic catalogs. From the geographical relationship between the distribution of the
damaged localities during one of these large earthquakes and the surrounding geological

structure, it may be possible to identify the fault responsible for the event.

The Catalan seismic crisis constitutes the most destructive seismic episode that has taken

place in the northeastern Iberian Peninsula (Fontseré and Iglésies, 1971; Cadiot, 1979;
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Banda and Correig, 1984; Lambert, 1993; Olivera et al., 2006). The crisis occurred
during the years 1427 and 1428 and the study of its three main shocks (figurel and table
1), March 19" 1427 (Ipmsos=VIII), May 15™ 1427 (Igvs.os=VIII) and February 2™ 1428
(Iems-0s=IX), and the search for the fault or faults that produced them has been the
objective of various studies (Fontsere and Iglésies, 1971; Banda and Correig, 1984; Briais
et al., 1990; Ferrer et al., 1999; Fleta et al., 2001; Olivera et al., 2006; Perea, 2006; Perea
et al., 2006). The identification of these faults and the recognition of the triggering
relation between the main earthquakes may lead to an improvement of future seismic

hazard studies performed in this region.

The objectives of the present work are: a) to assess the location and size of the area
sources corresponding to the three main earthquakes of the Catalan seismic crisis,
applying the method proposed by Gasperini et al. (1999) and using the new data
published by Olivera et al. (2006); b) to try to identify the active faults that produced
these earthquakes; and c¢) to perform a Coulomb failure stress transfer modeling to

elucidate the influence of each of them in the occurrence of each other.

2- Seismotectonics of the northeastern Iberian Peninsula

The active faults located in intraplate regions, such as the northeastern Iberian Peninsula,
show low strain rates. Although the seismicity in these regions is low and characterized
by earthquakes of low to moderate magnitude, some big earthquakes have occurred in the

past, such as those of the Catalan seismic crisis, and could be repeated in the future with
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important economic and social consequences. Recent studies about the active tectonics of
the northeastern Iberian Peninsula show that the slip rate of active faults ranges between
0.1 and 0.01 mm/yr and the mean recurrence interval of the big earthquakes lies between
10° and 10° years (Masana, 1995; Masana et al., 2001a; Masana et al., 2001b; Perea et al.,
2003; Perea, 2006; Perea et al., 2006). Therefore, the existence of these active faults in
low strain regions and its potentiality to produce big earthquakes bring out the necessity

to include their study and analysis into seismic hazard projects.

The northeastern Iberian Peninsula is characterized by the interference between
Paleogene compression structures related to the Pyrenees orogen (Muioz et al., 1986;
Vergés and Martinez, 1988; Pujadas et al., 1989; Mufioz, 1992; Muiioz, 2002) and
Neogene extensional basins related to the opening of the western Mediterranean (Saula et
al., 1996; Tassone et al., 1996, Doglioni et al., 1999; Jolivet et al., 1999; Lewis et al.,
2000; Roca et al., 2001; Gelabert et al., 2002). The main Pyrenean structures are thrusts,
and associated folds, which have an approximately E-W strike and which dip about 40° to
the north (Muioz et al., 1986). The Neogene extensional basins located in the study area
are bounded by mountain fronts, the Transverse ranges, controlled by normal faults with
an approximately NW-SE direction with the main ones dipping about 60° to the NE

(Saula et al., 1996).

The instrumental seismicity in the northeastern Iberian Peninsula can be described as
moderate to low, given the magnitude and the number of earthquakes (Olivera et al.,

1992; Perea, 2006; Perea et al., 2006). The geographic distribution of the earthquakes
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reveals that the Pyrenees and the Transverse ranges are characterized by a high density of
events when compared with the whole area (figure 2a). Regarding the depth distribution
of the earthquakes, the seismicity can be described as shallow since more than 90% of the
events are located between the surface and 15-20 km depth (figure 2b). This depth
approximately coincides with the location of the detachment of the main thrust and
normal faults located in the zone. Thus, the active faults may be related to the Pyrenees
and the Transverse ranges structures (Perea, 2006; Perea et al., 2006). Moreover, the
seismogenic crust might correspond to the first 15-20 km of the crust, taking into account
the depth range where the seismicity is mainly located. According to this, the fault
rupture planes that will be used in the Coulomb failure stress transfer modeling must not

surpass the 20 km depth, the bottom boundary of the seismogenic crust.

3- The Catalan seismic crises

The Catalan seismic crisis began at the end of February 1427 and lasted until August
1428 (Olivera et al., 2006). The first earthquakes were felt in the Girona bishopric at the
end of February 1427. During the night between March 2™ and 3™ two earthquakes, that
did not produced damage, were felt in Barcelona and in the entire Girona bishopric.
Following this, on March 13™ 14™ and 15™ another three earthquakes struck the same
zone, the largest being the one on the 13t (Iems-9s=VI-VII) with its epicenter located
close to the town of Amer (figure 1 and table 1). These three earthquakes already had
produced damage and alarm in the population close to the epicentral area, who began to

sleep in tents placed in fields next to the affected cities and towns.
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The first big earthquake of the crisis occurred on March 19" 1427 (figure 1 and table 1).
This event produced significant damage in Amer and nearby towns, and was felt in the
majority of the Catalan territory and southern France. Olivera et al. (2006) assign to this
event a maximum intensity of VIII (EMS-98), a seismic moment (Mo) of 8.43%10"" Nm,
a moment magnitude (Mw) of 5.9 and a focal depth of 6 km, and locate the epicenter
slightly to the south of Amer. These authors obtained the Mo using the relationships
between this parameter and the area inside a given intensity contour (Johnston, 1996a;
Johnston, 1996b), the Mw by means of Hanks and Kanamori (1979) relationship and the

focal depth using the Sponheuer (1960) law.

After the March 19" earthquake, a series of aftershocks occurred in the vicinity of the
epicentral zone from March 21* until 22™, and on April 13", 22" and 23™ (Olivera et al.,
2006). Among them, the largest was the one on April 22" with an assigned intensity of
VI-VII (EMS-98) and an epicenter located in the zone of Lloret Salvatge, slightly to the
north of Amer (figure 1 and table 1). This aftershock was the first event of the crisis that

produced casualties, caused by toxic gas emissions.

On May 15™ 1427 the second big earthquake of the crisis occurred (Fontsere and Iglésies,
1971; Olivera et al., 2006). The zone between Olot and the Vall d’en Bas, which is
located about 20 km to the north of the area where the previous earthquakes had taken

place, was the most damaged (figure 1 and table 1). Olivera et al. (2006) assigned to this
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earthquake an intensity of VIII (EMS-98), a Mo of 6.31*¥10"” Nm, a Mw of 5.8 and a

focal depth of 5 km.

Between May 15" and June 4™ 1427 small earthquakes where felt in the Girona bishopric
(Olivera et al., 2006). After these, an event of intensity VI (EMS-98) occurred on June g™
and was followed by numerous tremors on June 12 all of them close to the city of
Girona. Following this, on June 14™ an earthquake of intensity VII (EMS-98) produced
the collapse of half of the town of Caldes de Malavella (figure 1 and table 1), 15 km to
the south of the city of Girona. Olivera et al. (2006) assigned to this event a Mw of 5.3.
Between June 15™ 1427 and February 2" 1428 several other earthquakes were felt in the
vicinity of Girona, mainly between July and August, all of them with intensities lower

than V (EMS-98).

The last of the big earthquakes of the Catalan seismic crisis occurred on February 2™
1428 (Fontsere¢ and Iglésies, 1971; Cadiot, 1979; Banda and Correig, 1984; Lambert,
1993; Olivera et al., 2006). This was the largest of the three main events of the crisis and
its epicentral zone was located close to the town of Camprodon (Igms.9s=IX; Olivera et
al.,, 2006), approximately 15 km to the north of Olot (figure 1 and table 1). This
earthquake produced significant damage in the proximity of the epicentral area, more
than 1000 casualties and was felt in up to almost 300 km from the epicenter. Olivera et al.

(2006) calculated a Mo of 5.95%10'® Nm, a Mw of 6.5 and a focal depth of 9 km.
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After the earthquake on February 2" 1428, there are no further data regarding the
occurrence of aftershocks, probably eclipsed by the high magnitude and destruction of
this last event (Olivera et al., 2006). It is known only that small earthquakes did occur

during July and August 1428.

4- Earthquakes area sources and seismogenic faults

The historical reports describing the damage produced by a certain earthquake in
different localities can be used to determine the fault that produced it. Gasperini et al.
(1999) proposed a method (“Gasperini method” henceforth), which is based on
algorithms developed in Gasperini and Ferrari (1995 and 1997), to assess the location,
size and orientation of an earthquake area source using the distribution of the intensity
data points, cities or sites where the earthquake caused damage or was felt. The final
result of the method is an oriented rectangle that describes the earthquake area source and
is meant to represent the surface projection of the fault responsible for the earthquake or
the portion of the Earth where it would be likely to be located. The projection of the
obtained earthquake area source on a geological map of the area could allow us to
determine the fault that was the origin of the historical earthquake. Gasperini et al. (1999)
obtained the source of some Italian historical earthquakes with magnitude equal or higher
than 5.5, which means intensities equal or higher than VIII (Ambraseys, 1985; Lopez
Casado et al., 2000). Therefore, in this study the Gasperini method has been only applied

to assess the source of the three main earthquakes of the Catalan seismic crisis (March
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19" and May 15"™ 1427 and February 2" 1428) using the intensity data points published

by Olivera et al. (2006).

Olivera et al. (2006) furnished 49 localities where there is available information about the
March 19" 1427 earthquake (22 with assigned intensity, figure 3a; 15 with supposed
probable damages; 11 with a felt report; 1 with local effects). The data points with
assigned maximum intensity (5 localities with Igysos=VIII) are located around Amer.
The earthquake area source obtained applying the Gasperini method has a NNW-SSE
direction, a rupture area of 50.4 km® (8.0%6.3 km) that corresponds to a Mw of 5.7+0.4
earthquake and the epicenter is located to the south of Amer (figure 3a and source A in
figure 4). When the location of the earthquake area source is projected onto a geological
map it shows partial spatial superposition with the southern Amer fault (figure 4). This is
an extensional fault located in the Transverse ranges with a NNW-SSE direction and
dipping around 60° to the NE (Saula et al., 1996). Therefore, the southern Amer fault
could be considered as the fault that generated the March 19" 1427 earthquake. This
inference is supported by the conclusions that other authors have made from
geomorphologic, geophysical and seismotectonic studies of the Amer fault (Goula et al.,

1992; Ferrer et al., 1999; Fleta et al., 2001; Perea, 2006; Perea et al., 2006).

According to Olivera et al. (2006), the May 15™ 1427 affected 38 localities (22 with
assigned intensity, figure 3b; 5 with supposed probable damage; 10 with a felt report; 1
with local effects). The maximum intensity data points (6 localities with Igms9s=VIII) are

located between Olot and the Vall d’en Bas valley, a basin to the west of Olot related to
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the Amer fault. The Gasperini method gives an earthquake area source located in the Vall
d’en Bas zone, with a NE-SW direction and a rupture area of approximately 38 km?®
(6.6*5.7 km) that corresponds to an earthquake of Mw 5.5+0.3 (figure 3b and source B in
figure 4). As a result of projecting the earthquake area source on a geological map it
could be concluded that the May 15™ event was also produced by the Amer fault (figure
4). Although there is a discrepancy between the direction of the area source and the
direction of the fault, the source is entirely located inside the hanging wall of the Amer
fault, clearly pointing to this fault as the origin of the earthquake. In accordance with the
area source location, this event was generated by a segment of the fault located to the
north of the one that ruptured during the March 19" earthquake, close to where the fault
changes its direction from NW-SE to NNW-SSE. The Amer fault being responsible for
this earthquake is also supported by other studies (Goula et al., 1992; Ferrer et al., 1999;

Fleta et al., 2001; Perea, 2006; Perea et al., 2006).

For the third and the strongest earthquake of the seismic crises, the February 2" 1428,
Olivera et al. (2006) furnished 136 localities with information about the event (70 with
assigned intensity, figure 3¢; 36 with damage reported; 27 with probable damage; and 3
with insufficient information). The maximum intensity was assigned to the town of
Camprodon (Igyms.0s=IX), but around it there are 24 localities with an Igysos=VII-IX.
The earthquake area source obtained applying the Gasperini method is located to the
north of the May 15™ event epicentral zone, has a WNW-ESE direction and a rupture area
of approximately 164 km” (17.1*9.6 km), corresponding to an earthquake of Mw 6.2+0.3

(figure 3¢ and source C in figure 4). In contrast with the previous two analyzed events of

10
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the crisis, the projection of the earthquake area source onto the geological map does not
show an univocal spatial relationship with one fault. However, it permits three possible
candidates: the Vallfogona and the Ribes-Camprodon thrusts and the northern zone of the
Amer fault (figure 4). Although Briais et al. (1990) suggested the Tet fault as another
possible source for this earthquake, the results here refute this given that the area source

obtained does not reveal any kind of spatial relationship with this fault (figure 4).

5- Static stress transfer modeling

5.1 Coulomb failure stress transfer

When an earthquake occurs it changes the state of static stress in the surrounding crust.
Studies of Coulomb failure stress transfer have shown that the occurrence of moderate to
large earthquakes can trigger subsequent earthquakes and exerts some control on the
distribution of the aftershocks and quiescent zones (Reasenberg and Simpson, 1992; King
et al., 1994; Harris and Simpson, 1996; Hodgkinson et al., 1996; Nostro et al., 1997;
Hardebeck et al., 1998; Harris, 1998; Harris and Simpson, 1998; Nalbant et al., 1998;
Toda et al., 1998; Parsons et al., 1999; Harris, 2000; Wyss and Wiemer, 2000; Jacques et
al., 2001; Lin and Stein, 2004; Martinez-Diaz et al., 2004; Ganas et al., 2005; Ganas et
al., 2006; Martinez-Diaz et al., 2006; Nalbant et al., 2006; Parsons et al., 2006; Freed et
al., 2007; Heidbach and Ben-Avraham, 2007). In this study, the objectives of the
Coulomb stress transfer modeling have been: a) to establish the possible triggering

relationships between the three main earthquakes of the Catalan seismic crisis; and b) to

11
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identify the fault that generated the February 2™ 1428 event, poorly constrained by the

Gasperini method.

The Coulomb failure stress change caused by the historical earthquakes has been
calculated for dislocations in an elastic half-space (Okada, 1992) and on slip planes
(“receiver faults” henceforth) with a given strike, dip and rake, or on receiver faults
optimally oriented with respect to the regional stress field (Reasenberg and Simpson,
1992; King et al., 1994). The Coulomb failure stress change (ACFS) is given by:
ACFS=At.-WAc, , where At is the change in shear stress (positive in the direction of the
fault slip), Ao, is the change in normal stress (positive in unclamping of the fault) and p’
is the apparent friction coefficient of the fault. According to Nalbant et al. (1998) and
taking into account that the majority of the faults located in the study area are normal
faults, a value of 0.4 has been selected for u’. Nevertheless, the variations of this
parameter only modestly modify the Coulomb failure stress distribution around a fault
(King et al., 1994; Nostro et al., 1997; Stein et al., 1997; Harris, 1998). A positive
increase of the Coulomb failure stress transfer in an area is interpreted as meaning that a
fault plane located in this area has been brought close to failure, whereas if it is negative
the interpretation is the opposite (i.e., relaxed). For the modeling of the Coulomb failure
stress transfer the Coulomb 3.1 software (Lin and Stein, 2004; Toda et al., 2005) has been

used.

5.2 Present regional stress field

12
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The Coulomb stress transfer modeling on optimally oriented receiver faults is most
sensitive to the regional stress field orientation (King et al., 1994). Therefore, it is
necessary to know the present regional stress field, which in northeastern Iberia has been
evaluated using borehole breakout data (Jurado and Muller, 1997; Schindler et al., 1998)
and focal mechanisms (Goula et al., 1999; Herraiz et al., 2000; de Vicente et al., 2008).
However, the different studies show neither a single tectonic regime nor a homogeneous

orientation of the stress field.

Jurado and Muller (1997) and Schindler et al. (1998) obtained from borehole breakout
data that the maximum horizontal stress in the NE Iberian Peninsula has an orientation
between NE-SW and ENE-WSW. The latter authors proposed a tectonic regime varying
between extensional and stike-slip for the faults located on the north-western margin of
the Valencia trough. Therefore, the maximum (o)) and intermediate (o) stresses may be

similar in magnitude, but clearly different from the minimum stress (o3) that is horizontal.

Goula et al. (1999) and Herraiz et al. (2000) evaluated the present stress field tensor from
first P arrival focal mechanisms through the inversion method of Rivera and Cisternas
(1990). The former authors obtained two solutions: a) a strike-slip stress tensor with a
shape factor (defined as Rs=(o,- 03)/(0;- 03)) equal to 0.4 and a Q-score=0.854; and b) a
compressive stress tensor with Rs=0.5 and Q-score=0.852. Both solutions have the
compressive axis 6; in a sub-meridian position. The latter authors obtained, for the
Pyrenees, a strike slip stress tensor solution with Rs=0.47, a Q-score=0.86, o, being the

maximum horizontal stress axis with an approximately N-S direction. Otherwise, these

13
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authors, using the inversion method of Giner (1996), obtained for the eastern Pyrenees an
extensional stress tensor with o; vertical and o3 with a NNE-SSW direction, a Rs=0.24
and a Q-score=0.98. Nevertheless, they also mention that the low number of events
analyzed (only four) diminishes the reliability of the results. Finally, de Vicente et al.
(2008) calculated the present stress tensor on the Iberian Peninsula from the inversion of
populations of moment tensor focal mechanisms. These authors obtained for the eastern
Pyrenees an extensional regime, with Rs=0.65 and 6,=68/242 (dip and strike), 5,=09/131

and 03=21/037.

The solution proposed by de Vicente et al. (2008) is only in agreement with the solution
proposed by Herraiz et al. (2000) using the inversion method of Giner (1996) and
different from those proposed by the other authors (Jurado and Muller, 1997; Schindler et
al., 1998; Goula et al., 1999; Herraiz et al., 2000). Whereas the latter authors propose a
maximum horizontal stress with a N-S to NE-SW direction and 6, or o, being vertical,
the former ones propose o, vertical, 6, with approximately NW-SE direction and o3 with

NE-SW direction.

In the Coulomb failure stress transfer modeling the stress tensor proposed by de Vicente
et al. (2008) for the Pyrenean zone will be used considering that: a) there is evidence of
Quaternary activity on normal faults located in the Pyrenees and surrounding zones, such
as the Lourdes fault (Alasset and Meghraoui, 2005), the Maladeta fault (Ortufio et al.,
2008) and the Amer fault (Perea et al., 2006; and the present study); and b) de Vicente et

al. (2008) conclude that the stress tensor solutions obtained by using the inversion of
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moment tensor focal mechanisms show better quality compared to those obtained from

first P arrival focal mechanisms.

5.3 Source and receiver faults

Source faults are defined as the fault planes that experiment displacement during the
earthquake. Therefore, Coulomb stress transfer modeling has been performed considering
as source faults the rupture planes corresponding to the March 19™ and May 15™ 1427
events, since the Amer fault is considered the responsible for both events, as stated above
(figure 4). Two different possible source faults have been used for each earthquake in the
modeling (figure 5), one using the information given by Olivera et al. (2006) (table 2a)
and the other using the data obtained by applying the Gasperini method (table 2b). The
characteristics of the source faults for each event are epicentral location, Mo, Mw,
rupture area (RA), depth range and average displacement (table 2). When not available,
the RA has been calculated using the empirical relationship between Mw and RA for
normal faults proposed by Wells and Coppersmith (1994), the Mo has been obtained
from the relationship between Mo and Mw and the average displacement has been
established using the Mo expression, both from Hanks and Kanamori (1979) (table 2 for
more details). The depth range has been established considering that both earthquakes are
shallow (6 and 5 km depth respectively; Olivera et al, 2006), the dimensions of the source

faults and the thickness of the seismogenic crust.
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According to the distribution of the intensity data points furnished by Olivera et al.
(2006), and for the geographical location of the earthquake area sources obtained from
the Gasperini method, the source fault corresponding to the March 19™ 1427 earthquake
is located close to the southern tip of the Amer fault. Following the same reasoning, the
event corresponding to the 15" May 1427 is located slightly to the north of the zone
where the fault changes direction from NW-SE to NNW-SSE (figure 5). Both source

faults are parallel to the strike of the Amer fault in each zone and dip 60° to the NE.

As mentioned above, the Coulomb failure stress transfer has been calculated on receiver
faults and the modification of their characteristics (strike, dip and rake) also changes the
pattern distribution of the stress lobes (Lin and Stein, 2004). In the modeling, the stress
change has been calculated on receiver faults optimally orientated with respect to the
present stress field, but also on particular receiver faults. In the second case, two different
directions and kinematics have been considered according to the faults observed in the
zone: a) receiver faults following the Pyrenean direction and kinematics, thrusts with an
approximate strike N90°E and dipping around 40° towards the north, as the Vallfogona
and Ribes-Camprodon thrusts (Muiioz et al., 1986); and b) receiver faults following the
Transverse ranges direction and kinematics, normal faults with strike N145°E and dipping

around 60° towards the northeast, as the Amer fault (Saula et al., 1996).
Considering the two different source faults and the three different receiver fault

geometries (optimally oriented and Pyrenees and Transverse ranges directions and

kinematics), six Coulomb stress transfer models were performed for the Catalan seismic
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crisis (figures 6 and 7). The stress change was sampled at 6 km depth, taking into account
the focal depths given by Olivera et al. (2006) for the March 19" and May 15%

earthquakes, on a horizontal section of 125x100 km with 2.5x2.5 km grid spacing.

5.4 Results

The results of the Coulomb failure stress transfer modeling (figures 6 and 7) show that
the location of the lobes where the stress increases and decreases are similar in relation to
the source faults between models considering the same type of receiver faults. However,
the size of the lobes are slightly different; the smallest dimensions are obtained when
using the source faults deduced from the Gasperini method, clearly visible when results
corresponding to the May 15™ 1427 earthquake are compared (figures 6 and 7 second
column). The models corresponding to the optimally oriented receiver faults (figures 6a
and 7a) show that faults with directions approximately N120°E, almost vertical (dipping
between 80° to the SW and 90°) and with a rake implying mainly normal displacements
(between -80° to -100°, following the Aki and Richards (1980) convention) are the best

oriented with respect to the present stress field.

The Coulomb stress transfer results for the March 19™ 1427 earthquake show that, when
the receiver faults are normal faults (figures 6a/b and 7a/b first column), the maximum
stress lobes are located to the north and south of the source fault. However, when the
receiver faults are thrust faults (figures 6¢ and 7c first column) the lobes are situated in

the area occupied by the source fault and two secondary maximums appear to the NE and
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SW of it. Similar stress lobes distributions are observed for the May 15" 1427 earthquake
(figures 6 and 7 second column). Nevertheless, the models corresponding to the optimally
oriented faults (figures 6a and 7a second column) depict a third maximum stress lobe

close to the northeastern boundary of the source fault.

The pattern distribution of the stress lobes suggests that the May 15" earthquake was
strongly related to the occurrence of the March 19" event, which produces an increase of
Coulomb failure stress in normal faults with NW-SE direction to the north, in the vicinity
of the May earthquake source fault (figures 6a/b and 7a/b first column). This relationship
between both events is more clearly in the models using the source faults deduced from

Olivera et al. (2006) (figures 6a and b first column).

6- Discussion: the source of the February 2"® 1428 earthquake

According to the Coulomb failure stress modeling, the May 15" 1427 earthquake
produced an increase of the stress to the north and south of the source fault in normal
receiver faults with an approximately NW-SE direction (figure 8c) and around the source
fault in thrust receiver faults with E-W direction (figures 6¢ and 7¢ second column). But,
what was the fault responsible for the February 2" 1428 earthquake? As mentioned
above, there are three possible candidates: the Vallfogona and the Ribes-Campordon
thrust faults, both with E-W direction, and the Amer normal fault, with approximately

NW-SE direction.
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Taking into account the stress distribution and the probable triggering relation between
the main earthquakes of the crisis (figures 6¢ and 7c second column), the Ribes-
Camprodon thrust fault has little likelihood of being the source of the February 2™ 1428
event given the distance between it and the lobe of increased stress obtained when
considering E-W thrust receiver faults. Otherwise, considering the same evidence, the

Vallfogona thrust fault and the Amer normal fault are better candidates.

The occurrence of the May 15™ 1427 earthquake produced an increase of the stress in E-
W thrust receiver faults in a zone where the Vallfogona thrust fault intersects the surface
(figures 6¢ and 7c¢ second column), around 20 km to the south of the city of Camprodon,
pointing to this zone as a possible epicentral area. However, the results also show an
increase of the stress in normal receiver faults with NW-SE direction, such as the Amer
fault, to the north of the May event source fault (figure 8c). Furthermore, some results
show that, near the city of Camprodon, the increase of stress is significant and, thus,
indicating a favorable zone to locate a normal fault responsible of the final earthquake of
the crisis. The only normal fault known in the area to date is the Amer fault. Although it
seems not to have sufficient length to produce an earthquake of magnitude around 6.5, if
only its surface expression is considered, its subsurface continuation to the north or the
presence of another normal fault to the east but closeby cannot be discounted (Losantos et
al., 2002; Prof. Josep M?* Casas, Universitat de Barcelona, personal communication). It
seems more congruent to expect a normal fault as the source of this last event taking into
account that the two previous earthquakes of the crisis were generated by a fault with

such kinematics and considering the present stress field given by de Vicente et al. (2008).

19

Page 19 of 50



434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

The Catalan seismic crisis (1427 and 1428): Geological sources and earthquake triggering (H. Perea)

Then, according to this, the Amer fault or some normal fault parallel to it would be the
most probable source of the February 2™ 1428 earthquake, whereas the Vallfogona thrust

fault would be a less probable source.

However, there are still important questions that should be answered: a) can the Amer
fault rupture entirely in only one event or does the change in direction of the fault act as a
boundary (barrier) between segments that rupture independently?; and b) if all the
seismic crises related to the Amer fault followed the same behavior in the past, as
described here, should we expect this to continue in the future? The answer to these

questions will significantly improve the seismic hazard assessments in this area.

Finally, the Gasperini method has been of utility to localize the fault responsible of two
large historical earthquakes in a zone of low strain rate. Moreover, the results obtained
from applying this method have been helpful to define the dimensions and the
geographical location of the source faults used in Coulomb failure stress transfer
modeling. Although this method not always points to a unique fault as responsible of an
historical earthquake as seen with the February 2™ 1428 event and as reported in other
works (Perea, 2006; Perea et al., 2006), it has shown its potential to help researchers to
localize the fault sources of large historical earthquakes in low strain zones or, at least,
the probable area where this fault may be located and, also, that the information it gives is

useful to other earthquake modeling studies.

7- Conclusions
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This study corroborates that the Amer fault, in its southern and northern zones, would be
the source of the first two main earthquakes of the Catalan seismic crisis, the March 19"
and May 15™ 1427 events. Also, the Coulomb failure stress transfer modeling points to a

triggering relation between the three big earthquakes of the crisis.

It has not been possible to determine unequivocally the fault that generated the 2nd
February 1428 earthquake. However, the results here discussed point to the Amer fault,
or some other extensional fault parallel and close to it, as the most probable source of the
event. The Vallfogona thrust has less probability to be the source of this event, but cannot
be discarded. Finally, the Ribes-Camprodon thrust, still with some uncertainty, and the

Tet fault have been discarded as possible fault sources.
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Figure captions

Figure 1. Schematic geological map of the northeastern Iberian Peninsula with the
location of the macroseismic epicenters of the main earthquakes of the Catalan seismic
crisis (Olivera et al., 2006). Cities/towns: A: Amer; C: Camprodon; CM: Caldes de
Malavella; G: Girona; O: Olot. Mountain ranges and faults (italics): AF: Amer normal
fault; CCR: Catalan Coastal Ranges; RCT: Ribes-Camprodon thrust; TF: Tet normal

fault; TR: Transverse Ranges; VT: Vallfogona thrust.

Figure 2. Geographical distribution and depth of the instrumental seismicity registered in
the northeastern Iberian Peninsula (from Intituto Geografico Nacional earthquake
catalogue between 1900 and 2003). a) Map showing the geographical distribution of the
earthquakes; color indicates their focal depth and the circle size their magnitude (mprg).
b) Profile a-a’ showing the earthquakes focal depth; the projected earthquakes are located
until 50 km to both sides of the profile; the circle size is not related with the earthquake

magnitude. Co: Coastline; Py: Pyrenees; TR: Transverse ranges; VT: Valéncia trough.

Figure 3. Maps showing the distribution of the intensity data points and the intensity
contours (Olivera et al., 2006) corresponding to the: a) March 19" 1427 earthquake
located in the vicinity of the town of Amer; contours corresponding to Igms.os VIII and
VII; b) May 15™ 1427 earthquake occurred in the vicinity of the town of Olot; contours
corresponding to Igms-9s VIII and VII; and c) February 2" 1428 earthquake that affected

the town of Camprodon and surrounding areas; contours corresponding to Igms.os VIII,
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VII, VI and V. Cities/towns: A: Amer; B: Barcelona; C: Camprodon; G: Girona; L:
Lleida; N: Narbonne; O: Olot; P: Puigcerda; Pe: Perpinya; T: Tarragona; To: Toulouse.
Faults (italics): AF: Amer normal fault; RCT: Ribes-Camprodon thrust; TF: Tet normal

fault; VT: Vallfogona thrust.

Figure 4. Geological map of the northwestern Iberian Peninsula showing the location of
the earthquake source area of the main events of the Catalan seismic crises. Earthquake
source areas: A: March 19" 1427; B: May 15" 1427; C: February 2" 1428. The map is in

UTM coordinate system zone 31 northern hemisphere.

Figure 5. Map showing the geographical location and the dimensions of the source faults
used in the Coulomb failure stress transfer modeling. For more information about the
source faults see Table 2 and text. Cities/towns: A: Amer; C: Camprodon; G: Girona; O:
Olot. Faults (italics): AF: Amer normal fault; RCT: Ribes-Camprodon thrust; VT:

Vallfogona thrust.

Figure 6. Maps showing the Coloumb failure stress changes at 6 km depth when using the
earthquake source faults deduced from Olivera et al. (2006) data. Maps in the first
column correspond to the stress change after the March 19™ 1427 and maps in the second
to the cumulative stress change after March 19™ and May 15" 1427 earthquakes. a)
Optimally oriented receiver faults; b) receiver faults following the direction of the
Transverse ranges (N145°E and normal faults); and c) receiver faults following the

Pyrenean trend (N90O°E and thrust faults). See text for more information. Faults: AF:

33

Page 33 of 50



736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

The Catalan seismic crisis (1427 and 1428): Geological sources and earthquake triggering (H. Perea)

Amer normal fault; RCT: Ribes-Camprodon thrust; TF: Tet normal fault; VT: Vallfogona

thrust.

Figure 7. Maps showing the Coloumb failure stress changes at 6 km depth when using the
earthquakes source faults deduced from the Gasperini method. Maps in the first column
correspond to the stress change after the March 19™ 1427 and maps in the second to the
cumulative stress change after March 19™ and May 15™ 1427 earthquakes. a) Optimally
oriented receiver faults; b) receiver faults following the direction of the Transverse ranges
(N145°E and normal faults); and c) receiver faults following the Pyrenean trend (N90°E
and thrust faults). See text for more information. Faults: AF: Amer normal fault; RCT:

Ribes-Camprodon thrust; TF: Tet normal fault; VT: Vallfogona thrust.

Figure 8. Maps showing the Coulomb failure stress change at 6 km depth in different
periods of the Catalan seismic crisis. The earthquakes source faults correspond to those
deduced from the Olivera et al. (2006) data and the receiver faults are those following the
direction of the Transverse ranges (N145°E and normal faults). a) Map with the location
of the March 13" 1427 earthquake macroseismic epicenter, the zone where the seismic
crisis began. b) Map with the location of the March 19" 1427 earthquake macroseismic
epicenter and the Coulomb failure stress change distribution. ¢) Map with the location of
the May 15™ 1427 and February 2" 1428 earthquakes macroseismic epicenters and the
Coulomb stress change distribution corresponding to the occurrence of the March and

May events. Cities/towns: A: Amer; C: Camprodon; CM: Caldes de Malavella; G:
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Girona; O: Olot. Faults (italics): AF: Amer normal fault; RCT: Ribes-Camprodon thrust;

TF: Tet normal fault; VT: Vallfogona thrust.

Table captions

Table 1. The earthquakes of the Catalan seismic crisis with an assigned magnitude (Mw)

higher than 5.0 (Olivera et al., 2006).

Table 2. Parameters of the source faults used in the Coloumb failure stress transfer
modeling and corresponding to the March 19™ and May 15" 1427 events. a) Source faults
deduced from Olivera et al. (2006) data; and b) source faults deduced from Gasperini

method.
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ACCEPTED MANUSCRIPT

Epicentral intensi
Earthquake epli-::ngter epiI(;:rtlter P C?E:\AaS‘,-Qge) o Mw
March 13" 1427 2.5833 42.0333 VI-Vil 5.0
March 19" 1427 2.5833 41.9833 Vil 5.9
April 22™ 1427 2.5833 41.9833 VI-Vil 5.0
May 15" 1427 2.4333 42.1667 W11l 5.8
June 14™ 1427 2.8167 41.8500 Vil 5.3
February 2™ 1428 2.3333 42.3000 IX 6.5
Table 1
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Table 2

a. Data from Olivera et al. (2006)

Area Average
Earthquake ITong ‘Lat M 21 Depth range Mo (Nm) . verag 2
epicenter  epicenter (km"©) (km) displacement (m)
March 19" 1427 25833  41.9833 59 929 25t09.0 8.43*10" 0.3
May 15" 1427 24333 421667 58 769 25t085 6.31%10" 0.3
b. Data obtained from the application of the Gasperini method
Long Lat Area  Depth range 3 Average
Earthquake - . Mw
q epicenter  epicenter (km?) (km) Mo (Nm) displacement (m)?
March 19" 1427 2.6018  41.9945 58 504 25t08.0 6.84*10" 0.5
May 15" 1427 24487 421547 55 376 25t07.5 2.43*10" 0.2

1 Calculated using empirical relationship between magnitude (M) and rupture area (RA) for normal faults

log(RA)=-2.87+0.82M (Wells and Coppersmith, 1994)
2 Calculated using Mo=pDA (Hanks and Kanamori, 1979)

3 Calculated using Mw=2/3 log;,Mo0-6.0 (Nm) (Hanks and Kanamori, 1979)

Table 2
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